of germ-line DICER1 mutations. The eighteen PinBs were sequenced by Sanger and/or Fluidigm-based next-generation sequencing to identify DICER1 mutations in blood gDNA and/or tumour gDNA. Testing for somatic DICER1 mutations was also conducted on one case with a known germ-line DICER1 mutation. From the eighteen PinBs, we identified four deleterious DICER1 mutations, three of which were germ line in origin, and one for which a germ line versus somatic origin could not be determined; in all four, the second allele was also inactivated leading to complete loss of DICer1 protein. No somatic DICER1 rNase IIIb mutations were identified. One PinB arising in a germline DICER1 mutation carrier was found to have lOH. This Abstract germ-line RB-1 mutations predispose to pineoblastoma (PinB), but other predisposing genetic factors are not well established. We recently identified a germline DICER1 mutation in a child with a PinB. This was accompanied by loss of heterozygosity (lOH) of the wildtype allele within the tumour. We set out to establish the prevalence of DICER1 mutations in an opportunistically ascertained series of PinBs. Twenty-one PinB cases were studied: eighteen cases had not undergone previous testing for DICER1 mutations; three patients were known carriers Electronic supplementary material The online version of this article
Introduction
Pineoblastoma (PinB) is a rare primitive neuroectodermal tumour (PNeT) arising in the pineal gland. PinBs are classified as a WHO grade IV tumour and comprise one-fourth to one-half of pineal parenchymal tumours [12, 40] . The mean age of onset is 12.6 years but with a wide range of 1-39 years [12, 26] . PinBs are uncommon tumours, although there is one familial example reported [23, 30] . Due to the rarity of PinB, little is known about their underlying biology and genetics. germ-line mutations in the retinoblastoma (rb) gene RB-1 can lead to PinB in the so-called "trilateral rb" [20] and there is about a 1 % incidence of PinB among children with rb who are treated with current protocols [35, 47] . Children with a family history of rb, and those treated by external beam radiation therapy (eBrT) have a five-to tenfold higher incidence of PinB compared with those without a family history or not treated with eBrT [4, 27] . A notable reduction in incidence of PinB could be related to a preventive effect of chemotherapeutic treatment of rb [43] , the withholding of eBrT [25] , or a combination of the two. However, since the incidence of PinB is ten times higher in bilateral rb than in unilateral rb (0.5 % among unilateral rb; 5-13 % among sporadic bilateral rb; 5-15 % among familial bilateral rb) [20, 35] , germ-line mutations in RB-1 are likely to be a major predisposing factor. Despite this, it is not known what proportion of unselected PinBs carry germ-line RB-1 mutations. Moreover, the importance of other predisposing genetic factors is not established.
recently, we published a case report of a child with PinB and a germ-line DICER1 mutation; loss of heterozygosity (lOH) of the wild-type DICER1 allele was detected within the tumour [38] . Neither of these two events had been previously reported. We subsequently set out to establish (a) the prevalence of germ-line and somatic DICER1 mutations in PinB and (b) the mechanism by which the somatic hits occur in PinB.
germ-line mutations in DICER1 predispose individuals to a distinctive autosomal dominant tumour/dysplasia predisposition syndrome with only moderate penetrance (OMIM #601200) resulting in quite rare diseases of children and young adults. Included are pleuropulmonary blastoma [7, 33, 42] , cystic nephroma [2, 11] , Wilms tumour [49] and rare anaplastic sarcoma of kidney [11] , multinodular goitre [36] and differentiated thyroid carcinoma [9] , ovarian sex cord stromal cell tumours, especially Sertolileydig cell tumours [15, 48] , embryonal rhabdomyosarcoma of the uterine cervix [46] and other sites [10] , ciliary body medulloepithelioma [31] , nasal chondromesenchymal hamartoma [32] , pituitary blastoma [8] and pineoblastoma [38] .
Methods

Patients and samples
Our study population included 21 PinBs (Table 1 ; Fig. 1 and Supplementary Figure S1 ), six of which were clinically referred (cases 8-11, 17 and 18), twelve of which were obtained from a registry or pathology department (cases 1-7 and 12-16), and three of which occurred in known carriers of germ-line DICER1 mutations (previously unreported) (cases [19] [20] [21] . Two of the latter individuals (cases 19 and 20) had been screened for DICER1 mutations due to co-existing conditions that raised suspicion of DICer1 syndrome and in the third case (case 21), the DICER1 mutation was revealed by exome sequencing. For these three cases, we present brief case histories, pedigrees and somatic mutation analysis to illustrate some features of DICer1-related PinB. All cases of PinB were diagnosed by experienced neuropathologists at the referring institutions using standard criteria (WHO classification) with appropriate ancillary methods, such as immunostains; no patient had been previously diagnosed with a rb. The study was approved by the Institutional review Board of the Faculty of Medicine of Mcgill University, Montreal, Quebec, Canada, no. A12-M117-11A. Participants were recruited to the study in compliance with the second edition of the Canadian Tri-Council Policy Statement of ethical Conduct of research involving Humans and, because of the ages of the participants, where indicated, eligible relatives signed a consent form in accordance with the above-mentioned IrB protocol.
Molecular methods
Sanger sequencing and/or Fluidigm access array-based next-generation sequencing, as described previously [8] , was used to identify coding DICER1 mutations and mutations located near the exon-intron boundaries in blood gDNA (n = 4), in gDNA from PinB cell lines (n = 2) [18, 19] , in gDNA extracted from fresh frozen tumours (n = 10) and in gDNA we extracted from formalin-fixed paraffin-embedded (FFPe) tumours (n = 7). DNA was extracted from FFPe tumour samples using 3-7 tumour tissue sections, 10 μm in thickness, using the QIAamp DNA FFPe Tissue Kit (QIAgeN, Toronto, ON, Canada) according to manufacturer's instructions. DNA from fresh frozen tumour tissue was extracted using the Qiagen AllPrep DNA/rNA Mini Kit (QIAgeN, Toronto, ON, Canada). cDNA was synthesized from tumour rNA using the QuantiTect reverse Transcription Kit (QIAgeN, Toronto, ON, Canada). The germ-line DICER1 mutation was identified in one case through whole exome sequencing; the methods have been previously described [17] . The mode of ascertainment of the cases, sample acquisition and molecular analyses is outlined in Fig. 1 and Supplementary Figure  S1 .
Tumours were screened for somatic DICER1 rNase III mutations by PCr amplification of gDNA [48, 49] followed by Sanger sequencing [Mcgill University and genome Quebec Innovation Centre (MUgQIC)]. We screened for DICER1 mutations occurring outside of the rNase IIIa and IIIb domains using the Fluidigm access array system and next-generation sequencing. Where no germ-line DICER1 mutations were identified by conventional sequencing, we screened for large deletions or duplications using a multiplex ligation-based probe amplification (MlPA) assay ( Fig. 1 and Supplementary Figure S1 ) [39] .
lOH analysis in tumour samples was performed by PCr amplification of tumour gDNA concurrently with the patient's germ-line gDNA (where available), using primers specific to the region of interest [8] . The 150-250 base-pair PCr products were analysed by direct Sanger sequencing and the relative intensity of the peaks at the position of the germ-line DICER1 mutation and/or SNPs (single-nucleotide polymorphisms) within the 3′UTr of the gene were assessed for lOH. genotyping of the short tandem repeat (STr) markers D14A274, D14S1059, D14S1030 and D14S65 was performed by PCr amplification using endlabelling with 33 P γ-ATP followed by separation by acrylamide gel electrophoresis as previously described [45] to ascertain lOH in the absence of coding variants that could be interrogated using Sanger sequencing (Supplementary Figure S1 ).
Immunohistochemistry (IHC)
Immunohistochemical analysis was performed on deparaffinised 4-μm tissue sections incubated with anti-DICer antibody ab14601 (Abcam, Cambridge, MA, USA) as previously reported [36] , using a 1:50 dilution. The antiDICer1 antibody binds to a region within the PAZ domain of the protein. We were able to obtain adequate material to carry out IHC analysis of eight tumours. Meningeal sarcoma is not definitively associated with the DICer1 syndrome and the patient is untested (Fig. 4c) 
Results
The median age at diagnosis of the 21 PinBs was 2 years (range of 2 months to 24 years). eleven of the patients were male and ten were female, and for the fourteen cases where vital status is known, nine children remain alive and five died of disease 10-26 months post-diagnosis. We identified three unambiguously deleterious germ-line mutations in the eighteen PinBs that had not undergone previous DICER1 genetic testing (cases 1-18) ( Figure S2) . In contrast, no lOH was seen in case 9 (Supplementary Figure S2) which is consistent with our other data ( Table 1 ; Fig. 2a ), as no DICer1 DNA or protein abnormality was found in this case. For case 8, no somatic mutation was identified within the tumour. In a fourth case (case 12), two nonsense mutations, c.3280_3281delTT (p.(leu1094Argfs*9)) and c.3675C>g (p.(Tyr1225*)) were identified within FFPe tumour gDNA, both of which are predicted to prematurely truncate the DICer1 protein (Fig. 3) . Without a germ-line gDNA sample available from this case, we were unable to determine whether either of these mutations was in the germ line. Nevertheless, the loss of protein expression in this case suggests bi-allelic inactivation (Table 1) . Thus, germ-line mutations were present in three out of eighteen previously untested PinBs. Unexpectedly, there were no somatic missense mutations identified that affected the DICER1 rNase IIIb domain in any of the 19 tumour samples evaluated. We also studied three PinBs from children with previously identified, but unpublished germ-line DICER1 mutations (cases [19] [20] [21] . These cases were included as they afforded us the opportunity to study PinB in the context of personal medical history and/or family history. These cases are described in detail in Table 1 , the pedigrees are shown in Fig. 4 and the mutation data are summarized in Table 2 . Notably, case 19 carries a c.1498A>T (p.(lys500*)) germline DICER1 mutation which induces a premature stop codon in the sequence encoding the Helicase domain of the protein (Fig. 3) . This mutated transcript was found to be present on analysis of cDNA synthesized from tumour rNA (Fig. 5a, panel II) . This suggests that the transcript is not degraded by nonsense-mediated decay (NMD) and subsequent translation thereof would result in the expression of a severely truncated protein. This germ-line DICER1 mutation was accompanied by lOH of the wild-type allele within the tumour (Fig. 5a ). Three of five tested family members have been found to carry the c.1498A>T mutation and a family history of hyperthyroidism exists (Fig. 4a) .
Case 20 carries the c.4050+1g>A germ-line DICER1 variant which is suspected to deleteriously affect transcriptional expression due to the abolition of a donor splice site as predicted by Human Splicing Finder (http://www.umd. be/HSF/4DACTION/input_SSF#). Following the diagnosis of PinB at 10 years of age, this girl was diagnosed with multiple other lesions between the ages of 15 and 21 years. These included vaginal and cervical fibroepithelial polyps diagnosed at 15 years of age, a Sertoli-leydig cell tumour (SlCT) of the left ovary diagnosed at 16 years of age, a cervical embryonal rhabdomyosarcoma (cerMS) diagnosed at 17 years of age, and a brainstem erMS diagnosed at 21 years of age. SlCT and cerMS are characteristic manifestations of a germ-line DICER1 mutation. The family history includes reports of pulmonary and thyroid abnormalities (Fig. 4b) . The PinB tumour tissue was not available from case 20 to allow for somatic analysis of the second allele. Case 21 carried an inherited germ-line DICER1 mutation (c.4407_4410delTTCT, p.(Ser1470leufs*19)), which is predicted to truncate the protein subsequent to the rNase IIIa domain if the mutant transcript were to forego NMD (Fig. 3) . The proband's mother, who is affected by multinodular goitre, and two brothers were found to carry the c.4407_4410delTTCT mutation (Fig. 4c) . Tumour tissue was not available from this case to allow for somatic analysis.
For eight of the 21 cases (cases 8-14 and case 19), we had sufficient material to carry out IHC studies of DICer1 [36] . The results were consistent with the molecular findings, in that for cases 9, 13 and 14, we did not identify any deleterious DICER1 mutations and all cases showed Of the five family members tested, three were found to carry the same germ-line DICER1 mutation and all three individuals had hyperthyroidism (individuals II-2, III-2 and III-5). b Case 20: the proband, individual V-6, was diagnosed at 10 years of age with a pineoblastoma, at 15 years of age with cervical and vaginal fibroepithelial polyps, at 16 years of age with a Sertoli-leydig cell tumour (SlCT) of the left ovary, at 17 years of age with a cervical embryonal rhabdomyosarcoma (cerMS) and a brainstem erMS at 21 years of age. She was found to carry the germ-line DICER1 mutation, c.4050+1g>A. Several family members had pulmonary and thyroid abnormalities. c Case 21: the proband (individual IV-3, deceased) was diagnosed at the age of 2 years with a pineoblastoma. At 6 months of age, multiple pulmonary bullae were detected and congenital bullous emphysema was diagnosed. The lung pathology was later reviewed in the light of the whole exome sequencing results and a revision of the diagnosis to pleuropulmonary blastoma (PPB) was made. Both the proband, his mother (individual III-3) and his two brothers (individuals IV-2 and IV-4) were found to carry the c.4407_4410delTTCT germ-line DICER1 mutation. The mother is affected by a multinodular goitre (MNg). Individual IV-5 was diagnosed with a meningeal sarcoma at 3 years of age. Meningeal sarcoma is not definitively associated with the DICer1 syndrome and the patient is untested retained staining of DICer1 (Fig. 2a, b, c) . In contrast, in cases 8, 10, 11, 12 and 19, there was no DICer1 expression detected by IHC (Fig. 2d-h ). Tumours from case 10 and case 11 carried two inactivating mutations (one germline truncating mutation and lOH within the tumour) and in case 12, the absence of staining for DICer1 strongly suggests the two predicted truncating mutations are present in trans (Fig. 2d) . In case 8, we only found one likely deleterious mutation and no second somatic hit, but notably, DICer1 staining was absent (Fig. 2e) . This suggests that the wild-type allele has been inactivated by some other mechanism resulting in the absence of full-length, functional DICer1 protein in this tumour. In case 19, as described above, we demonstrated that the mutated transcript was not subjected to NMD and expression of a severely truncated protein is predicted. The binding site of the anti-DICer1 antibody is downstream of the predicted truncation site (Fig. 5b) and therefore the expression of the mutant protein was not detected on IHC analysis (Fig. 2h) .
Discussion
The results from this study establish DICER1 as an important susceptibility gene for PinB, a tumour which we have now shown to be a manifestation of the DICer1 syndrome
The pineocyte and retinal receptor cells share a common embryonic origin in humans [29] , explaining the rare syndrome of "trilateral rb" in RB-1 mutation carriers. Interestingly, DICer1 has not been demonstrated to have any tumourigenic role in rb, although, for a small percentage of rb's, the genetic underpinnings remain unexplained [37] .
In addition to the molecular results reported here, PinB has been clinically associated with a particular neuraxis manifestation of DICER1 mutations: ciliary body medulloepithelioma (CBMe) [31, 44] . Two children with both PinB and CBMe have been reported [24, 34] . Intracranial medulloepithelioma has also been reported in a kindred that likely harbours a DICER1 mutation [5] . These observations suggest a possible cell-of-origin relationship between anterior elements in the globe and the pineal gland.
All six germ-line DICER1 mutations identified (three identified in this study and three previously identified) ( Table 2 ) are loss-of-function mutations that inactivate one allele of DICER1. The mutations identified in cases 11, 19 and 21 are confirmed to be inherited. Notably, the father of patient 11 carries the c.4633dupT mutation and was affected by a Wilms tumour in childhood (Table 1) . Three cases (case 10, 11 and 19) were found to exhibit loss of the wild-type allele in addition to the deleterious germline DICER1 mutation (Table 2 and Supplementary Figure  S2 ) resulting in the complete loss of DICer1 expression within the tumours (Fig. 2) . These preliminary findings indicate that the mechanism by which the second allele is inactivated in PinB may differ from that in other DICer1 syndrome diseases. Almost all reported somatic mutations observed in DICer1-related tumour types affect the metal ion-binding residues of the rNase IIIa or IIIb domains (e.g. glu1705, Asp1709, Asp1810 and glu1813) [1, 15] . These so-called "hotspot" missense mutations have been shown to shift the expression of mature mirNAs within the tumours towards 3p-derived mirNAs as a consequence of reduced 5p mirNA-strand processing [1, 14] . We observed no such missense mutations in six PinBs with available data. This was compared with 59 hotspot mutations in 60 DICer1-related tumours occurring at other sites (P = 7.7 × 10 −8 , Fisher's exact test) (Supplementary Table S1 ). These data suggest that the absence of missense rNase IIIb mutations in PinB is unlikely to be a chance finding. In contrast to what is seen in other DICer1-related tumours, lOH of the DICER1 locus is the most frequent "second hit" in PinBs.
This phenomenon of DICER1 lOH shown here in three PinBs and reported only once previously [38] , contests the hypothesis based on a murine model that complete loss of DICer1 is disadvantageous to tumour development in humans. results from in vivo analysis conducted by two independent research groups demonstrate that Dicer1 may function as a haplo-insufficient tumour suppressor: the loss of one Dicer1 allele in both a retinoblastoma mouse model [22] and a Kras-driven lung cancer mouse model [21] enhanced tumourigenesis; however, deletion of the second Dicer1 allele did not further promote tumour proliferation or initiation, but instead impeded it [21, 22] . lOH of the wild-type allele, as now seen in a total of four PinBs, suggests DICer1 functions as a conventional tumour suppressor in the pineal gland, whereby both alleles are inactivated, initiating tumour development. lOH has been identified in two cases of pituitary blastoma [8] , but has not been seen in any other DICer1-related tumours [3, 13, 16, 44] . Furthermore, conditional inactivation of Dicer1 in murine retinal cells results in progressive and extensive retinal degeneration [6] . However, inactivation of DICer1 in pineocytes as a result of a truncating mutation in DICER1 coupled with lOH of the wild-type allele (as seen in this study) does not seem to have the same degenerative effect. Interestingly, inactivation of Dicer1 in mouse radial glial cells results in the over-production of cortical neurons [28] . This enhanced proliferation may be more in keeping with the tumourigenic events that take place within the pineal gland subsequent to DICer1 inactivation. Overall, the complete loss of DICer1 is seemingly selected against in most cell lineages, but is tolerated in the pineal gland, permitting the progression to PinB. We suspect that other gain-or loss-of-function mutations of other cancer genes may also be required to permit or facilitate the complete loss of DICer1 in PinB. The mechanism of tumourigenesis as a consequence of total loss of DICer1 expression within these tumours remains to be explored. Further studies on this rare tumour will focus on mrNA, mirNA and gDNA profiling.
Also of note is the significantly lower median age of onset of PinB in our cohort (2 years), relative to the previously reported mean age of onset of 12.6 years [12, 26] . This disparity is likely due to the ascertainment of 13 cases from children's hospitals (Cases 1-11, 17-18 and 20) . The age of onset of PinBs found to harbour DICER1 mutations is far less defined than other tumour types occurring within the DICer1 syndrome.
Numerous diseases occur in the DICer1 predisposition syndrome and most DICER1 mutations are inherited. Thus, finding a germ-line mutation in a PinB patient may have implications for the patient and family. Our recommendations include genetic counselling, family education and sequencing of the parents and, if indicated, other family members. Careful re-examination of the extended family medical history and of pathology specimens can reveal previously unrecognized associated conditions. The advisability of prospective screening for various phenotypes is uncertain, given that syndrome diseases are rare, generally not life threatening and may present over the first three to four decades of life. Screening particularly for pleuropulmonary blastoma, which is highly curable in an early form in infancy but may progress to an aggressive, much-lesscurable sarcoma after age 2 years, may be advisable [41] .
To our knowledge, this is the first detailed study to interrogate the possible involvement of DICER1 in PinB pathogenesis. limitations of the study include the small number of cases recruited and possible bias in the selection of cases: although we did not include patients known to carry germ-line DICER1 mutations in calculating the prevalence of DICER1 mutations, we are aware that clinic-based ascertainment schemas have their own biases. For this reason, larger studies with more complete ascertainment will be needed to confirm and extend our findings.
Conclusion
This study suggests that germ-line DICER1 mutations make a clinically significant contribution to PinB, establishing DICER1 as an important susceptibility gene for PinB. The means by which the second allele is inactivated seems to differ from other DICer1-related tumours. The total loss of DICer1 protein in the cells challenges the haplo-insufficiency model of DICer1 action. These data, combined with the other reported instance of PinB occurring in a germ-line DICER1 mutation carrier, indicate that PinB is a recognized manifestation of a germ-line DICER1 mutation. To determine the true prevalence of DICER1 mutations in PinB, analysis of a larger unselected series of PinBs is required. From a clinical perspective, the importance of these findings is that DICER1 genetic testing should be considered for all patients diagnosed with a PinB. Furthermore, these children and their immediate family members (in a setting of an inherited DICER1 mutation) may be susceptible to other DICer1-associated conditions, and as such, referral to genetic counsellors and surveillance for early detection may be considered. DICer1 IHC may also serve as an easily applicable screening tool for the presence of DICER1 mutations in PinB.
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